The rodent vomeronasal organ plays an important role in many social behaviors. Using the calcium imaging technique with the dye fluo-4 we measured intracellular calcium concentration changes induced by the application of sulfated steroids to neurons isolated from the vomeronasal organ of female mice. We found that a mix of 10 sulfated steroids from the androgen, estrogen, pregnanolone, and glucocorticoid families induced a calcium response in 71% of neurons. Moreover, 31% of the neurons responded to a mix composed of 3 glucocorticoid-derived compounds, and 28% responded to a mix composed of 3 pregnanolone-derived compounds. Immunohistochemistry showed that neurons responding to sulfated steroids expressed phosphodiesterase 4A, a marker specific for apical neurons expressing V1R receptors. None of the neuron that responded to 1 mix responded also to the other, indicating a specificity of the responses. Some neurons responded to more than 1 individual component of the glucocorticoid-derived mix tested at high concentration, suggesting that these neurons are broadly tuned, although they still displayed strong specificity, remaining unresponsive to high concentrations of the ineffective compounds.
Introduction
In most mammals, chemosensation involves the activation of at least 2 major sensory systems: the main and the accessory (vomeronasal) olfactory systems. Although for a long time the standard view was based on the assumption that the physiological role of the main olfactory system is the recognition of conventional odorant molecules, whereas the vomeronasal system is dedicated to the detection of pheromones, several studies have recently shown that both sensory systems may be activated also by an overlapping set of stimuli (reviewed by Tirindelli et al. 2009; Touhara and Vosshall 2009) .
Olfactory sensory neurons of the main olfactory epithelium express 1 odorant receptor, among about 1000 functional receptors. Most olfactory sensory neurons are tuned to detect odorants with related structures, but some recognize a large number and variety of compounds (Firestein et al. 1993; Grosmaitre et al. 2009; Nara et al. 2011) . Many olfactory sensory neurons recognize multiple odorants, but some are specific for a given compound (Nara et al. 2011) . Moreover, a given odorant can activate neurons with different specificity. Thus, the main olfactory epithelium uses a combinatorial scheme for coding and odorants are recognized by a unique combination of odorant receptors. The combinatorial scheme allows the main olfactory system to recognize a large number of stimuli (Malnic et al. 1999; Nara et al. 2011 ). Much less is known about coding of stimuli in the vomeronasal system.
Vomeronasal sensory neurons (VSNs) of the vomeronasal epithelium are part of the vomeronasal organ of Jacobson (VNO), which lies at the base of the nasal septum (Halpern and Martínez-Marcos 2003) . VSNs are bipolar neurons projecting their axons to the accessory olfactory bulb and, in the mouse, they have been divided into 2 classes, basal and apical, based on their location in the epithelium and on some of the proteins they express: most apical neurons 1995), whereas most basal neurons express Gαo and V2R receptors (Matsunami and Buck 1997; Ryba and Tirindelli 1997) . Most apical neurons express 1 V1R receptor among about 200 potentially functional V1R receptors, whereas most basal neurons express 2 V2R receptors among about 120 members, and 1 of the 2 expressed receptors is a member of the family C of V2Rs (Martini et al. 2001) . Recently, a third family of receptors has been found by screening of transcripts with similarity to known heptahelical receptors (Liberles et al. 2009; Rivière et al. 2009 ). Five transcript of the formyl peptide receptor gene family were found in the VNO. Ligands of these receptors include formylated peptides that are produced during pathogen invasion and subsequent inflammation. Thus, VSNs appear to have the capability to recognize also a potential source of pathogens.
The transduction cascade in VSNs involves the activation of G-proteins and phospholipase C, and depends in part on the transient receptor potential canonical 2 (TRPC2) channel that triggers Ca 2+ and Na + influx (Liman et al. 1999; Lucas et al. 2003; Kelliher et al. 2006 ). However, a recent work by Kim et al. (2011) challenged the role of TRPC2 as the main route for elevating intracellular Ca 2+ concentration. The authors have found that VSNs from TRPC2 knockout mice still respond to natural stimuli (i.e., urine), and identified a Cl − conductance, due to the activation of Ca 2+ -activated Cl − channels, dependent on Ca 2+ release from intracellular stores. Thus, the transduction cascades in some VSNs seem to include a TRPC2-independent component still producing an increase in intracellular Ca 2+ concentration. Although many details of the transduction cascades in basal and apical neurons remain to be elucidated, both types of neurons respond to the natural stimuli with a transient increase in intracellular Ca 2+ concentration (Leinders-Zufall et al. 2000; Chamero et al. 2007; Leinders-Zufall et al. 2009; Haga et al. 2010; Chamero et al. 2011; Kim et al. 2011) .
Both female and male VSNs respond to a large range of stimuli including urine (Holy et al. 2000; Spehr et al. 2002) , volatile odorants (Sam et al. 2001; Trinh and Storm 2003; Muroi et al. 2006) , several pheromones and other semiochemicals (Leinders-Zufall et al. 2000; Chamero et al. 2007; Leinders-Zufall et al. 2009; Haga et al. 2010; Isogai et al. 2011) , and sulfated steroids Hsu et al. 2008; Meeks et al. 2010; Arnson and Holy 2011; Isogai et al. 2011; Turaga and Holy 2012) . Nodari et al. (2008) first showed that sulfatase-treated urine-extracts lost more than 80% of their activity, indicating that sulfated compounds are the most active ligands for VSNs in female mouse urine. The same authors showed that a group of 31 synthetic sulfated steroids, tested at high concentration, induced a 30-fold increase of response frequency in VSNs compared with a stimulus set containing the majority of all previously reported ligands. Furthermore, they did not find any significant difference in detection of sulfated steroids between male and female VSNs, although it is possible that some small differences exist in responses between sexes .
It has been shown that some VSNs are sharply tuned to a specific ligand, since they responded only to one of the several tested compounds (Leinders-Zufall et al. 2000; Boschat et al. 2002; Kimoto et al. 2007; Haga et al. 2010) , whereas other studies reported that some VSNs recognize multiple compounds and are broadly tuned Leinders-Zufall et al. 2009; Meeks et al. 2010; Arnson and Holy 2011) . A recent study (Isogai et al. 2011 ) used a large panel of chemical cues combined to double labeling of immediate early genes and VNO receptor probes to uncover the receptor specificity of several V1R and V2R receptors. These authors suggested that neurons expressing V1R or V2R receptors use different strategies to encode chemosensory information, with many V1Rs activated by multiple cues and most V2Rs activated by cues associated to a unique ethological context (sex, predator, and nonpredator). It is of interest to note that some receptors were specifically activated only in males or in females. They also investigated the detection of a mix of synthetic sulfated steroids by the VNO of male mice and found that VSNs expressing V1R receptors of the V1Ref and V1Rjk clades were specifically activated. Furthermore, they suggested that V1R receptors can distinguish distinct structural classes of steroids and that V1Rs may serve as detectors of the physiological status of an animal.
In this study, we investigated the specificity and selectivity of VSNs response to sulfated steroids in female mice, measuring the responses of dissociated neurons with the Ca 2+ imaging technique. We found that some female VSN can recognize more than 1 sulfated steroid. Moreover, using post hoc immunohistochemistry, we showed that several VSNs responding to sulfated steroids expressed phosphodiesterase 4A, a specific marker for apical neurons expressing V1R receptors.
Materials and methods

Dissociation of mouse VSNs
Experiments were performed on 2-to 3-month-old female C57BL/6J mice. All experiments were approved and conducted in accordance with the Italian Guidelines for the Use of Laboratory Animals (Decreto Legislativo 27/01/1992, no. 116) and the European Union Guidelines on Animal Research (No. 86/609/EEC). Mice were decapitated after anesthetization by inhalation of CO 2 . The VNO capsule was removed (Shimazaki et al. 2006) and VSNs were dissociated with a standard enzymatic-mechanical dissociation protocol, as previously described (Dean et al. 2004; Dibattista et al. 2008) . The neurons were plated on coverslips coated with concanavalin A (Type V, Sigma) and poly-l-lysine both at 10 mg/mL. The extracellular mammalian Ringer's solution contained (in millimolar): 140 NaCl, 5 KCl, 1 CaCl 2 , 1 by guest on November 7, 2016 http://chemse.oxfordjournals.org/ Downloaded from MgCl 2 , 10 HEPES hemisodium, 1 sodium pyruvate, and 10 glucose, pH 7.4.
Stimuli
Urine was collected from female mice and stored at -20 °C until use. Before use, the urine was filtered using disposable filters (0.22 µm, Millipore) and then diluted 1:100 with Ringer's solution. No change in pH was measured in comparison with the Ringer's solution.
Sulfated steroids (Table 1) were purchased from Steraloids Inc. The following sulfated steroids mixes were used: SS mix, composed of the following chemicals, according to their Steraloid catalog number (Table 1) : A2398, A6940, E0588, E1050, P3817, P8168, P8200, Q1570, Q2525, and Q3910; the P mix composed of P3817, P8168, and P8200; the Q mix made of Q1570, Q2525, and Q3910. The final concentration of each compound in the mixes was 200 µM. A 50-mM stock of each compound was prepared in dimethyl sulfoxide (DMSO) and diluted in the Ringers' solution in the recording chamber to the final concentration.
For experiments in the absence of extracellular Ca 2+ , the composition of the low Ca 2+ Ringer's solution was similar to the standard Ringer's solution except for the absence of added Ca 2+ .
Calcium imaging
Fluo-4 AM (Invitrogen) was dissolved in DMSO to obtain a 50-mM stock solution. Dissociated VSNs were incubated for 30 min in Ringers' solution containing 5-µM Fluo-4 AM at room temperature. After washing extensively with dye-free Ringers' solution to eliminate any noninternalized dye, the coverslip was placed in a recording chamber on the stage of a LEICA TCS SP2 laser scanning confocal microscope (Leica Microsystems). Time series-images were made acquiring 512 × 512 pixel fluorescence images at a 7 Hz rate.
Stimuli were manually added to the recording chamber, without stopping acquisition, and washed out after every single trial. Extreme care was taken to avoid mechanical movements and experiments showing artifacts due to mechanical movement were discarded. The minimum interval between stimulus applications was 3 min.
Post hoc immunostaining
Immunostaining of VSNs was performed in the recording chamber after the Ca 2+ imaging experiments with a method similar to that used by Chamero et al. (2011) . VSNs were fixed for 10 min with 4% paraformaldehyde dissolved in phosphate-buffered saline, incubated for 10 min in blocking solution (10% fetal bovine serum, 1% Triton X-100, 300 mM NaCl, 10 mM Tris−HCl, pH 7.4) and for 30 min in the primary antibodies PDE4A (H7) (1:100, Santa Cruz Biotechnology; catalog no. sc-74428) and Gαo (K-20)
(1:100, Santa Cruz Biotechnology; catalog no. sc-387). Staining was revealed by incubation for 30 min in secondary antibodies (Alexa-Fluor 488 anti-mouse and 594 anti-rabbit, 1:500, Invitrogen). VSNs were also stained with DAPI (4′,6-diamidino-2-phenylindole) (1:1000) to identify cell nuclei.
Data analysis
Each experiment was analyzed by ImageJ software (NIH). To evaluate changes in fluorescence, the region of interest was drawn around the soma of the VSN. A region of a similar area devoid of cells was used to measure background fluorescence. As described in Paredes et al. (2008) , data are presented as relative changes in fluorescence intensity normalized to baseline fluorescence according to the formula: ∆F/F 0 = (F -F 0 )/F 0 , where F is the fluorescence after the stimulus and F 0 is the fluorescence before stimulus application, calculated as the average of 10 frames. Both F and F 0 were corrected for the mean background fluorescence.
A stimulus was considered to elicit a response only if the change in ∆F/F 0 was at least twice the value of standard deviation of the baseline. DMSO alone was used in every experiment to determine if, at the concentrations used, elicited a change in fluorescence. VSNs that responded to DMSO alone (about 10% of the tested neurons) were discarded from analysis. To check the viability of neurons at the end of the experiment a high K + Ringer solution was used (100 mM). 
Results
In this study, we investigated the responses of VSNs isolated from female mice to sulfated steroids using Ca 2+ imaging and determined whether some of the responding VSNs are apical or basal performing immunohistochemistry after the Ca 2+ imaging experiments.
Urine and sulfated steroids induce a transient Ca
2+ increase in female mouse VSNs
In a first set of experiments, we used diluted female mouse urine, a classical stimulus previously shown to induce an intracellular Ca 2+ increase in VSNs (Leinders-Zufall et al. 2000; Sam et al. 2001; Boschat et al. 2002; Spehr et al., 2002; Chamero et al. 2007; Rivière et al. 2009 ). Figure 1A shows representative fluorescence images in pseudocolor: the bipolar morphology of the VSNs with the soma and a single long dendrite is clearly visible and did not change on application of the stimulus. The time course of the urine-stimulated fluorescence variation ( Figure 1B ) showed a transient increase in intracellular Ca 2+ concentration. As a control for possible mechanical artifacts, Ringer alone was also applied as a stimulus ( Figure 1B , middle panel) and did not elicit any change in fluorescence. The percentage of VSNs responding to urine ( Figure 1C ), 28% (5 of 18), was relatively small, in agreement with previous reports (Spehr et al. 2002; Chamero et al. 2007; Rivière et al. 2009 ). The peak response of the neurons gave a mean fluorescence increase of 5.2 ± 1.1% over the resting value ( Figure 1D ).
In a second set of experiments, instead of using urine, we challenged dissociated female mouse VSNs with a mix of 10 sulfated steroids from the androgen, estrogen, pregnanolone, and glucocorticoid families (SS mix, see Table 1 for chemical and common names). The time course of the fluorescence variation in response to the SS mix ( Figure 2B ) showed a transient increase of the intracellular Ca 2+ concentration. The transient increase in the presence of the SS stimulus, as in the presence of urine ( Figure 1B) , is likely due to adaptation to a constant stimulus, as described by Spehr et al. (2009) . As a control, a stimulus composed only of DMSO at the same percentage used in the SS mix was applied to the neurons. Only VSNs that did not respond to DMSO (see middle trace in Figure 2B ) were considered in our analysis. The percentage of VSNs responding to the SS mix was 71% (15 of 21, Figure 2C ). The peak response of the 15 responding neurons gave a mean fluorescence increase of 13.3 ± 1.9% over the resting value ( Figure 2D ). This value is significantly higher than that induced by urine and shown in Figure 1D (P < 0.05, unpaired t-test).
Furthermore, to investigate whether the responses to sulfated steroids depend on extracellular Ca 2+ , we stimulated VSNs with the SS mix in a low Ca 2+ Ringer's solution (Figure 2E, middle panel) . No response was elicited in the absence of extracellular Ca 2+ in the tested VSNs (n = 6), indicating that the intracellular Ca 2+ increase after SS mix-stimulation is mainly due to the Ca 2+ entry through ion channels in the plasma membrane.
Taken together, these results show that the percentage of VSNs responding to sulfated steroids was higher than that of VSNs responding to urine and that the response to sulfated steroids required extracellular Ca 2+ .
Specificity of the response of female VSNs to sulfated steroids
To further characterize the response to sulfated steroids, we stimulated female mouse VSNs with 2 different blends and with each of their individual components. The P mix was composed of 3 pregnanolone-derived compounds: pregnanolone, allopregnanolone, and epipregnanolone; the Q mix was composed of 3 glucocorticoid-derived compounds: corticosterone-, cortisone-, and hydrocortisone-21 sulfate (see Table 1 for chemical and common names). Figure 3A and 3B shows the responses of 2 neurons to each mix. We found that the response to each mix was highly specific, because none of the neurons that responded to the P mix exhibited a response to the Q mix and vice versa. Figure 3C shows the percentages of VSNs responding to the P mix (28%, 35 of 124) and Q mix (31%, 39 of 124). The peak response elicited from the P mix gave a mean fluorescence increase of 4.1 ± 0.8% over the resting value, whereas for the Q mix the value was 7.8 ± 0.9% ( Figure 3D ), significantly higher than that for the P mix (P < 0.05, unpaired t-test). Some of the neurons responding to the P or Q mix could be subsequently tested with some of the individual components as shown in Figure 4 and discussed in a following section. We also tested one of the compounds, Q3910, at decreasing concentrations. Figure 3E shows that responses to Q3910 were concentration dependent. The dose-response could be fitted by a Hill equation with a half-maximal response at 48 μM and a Hill coefficient of 3.6 (n = 3).
To identify whether neurons responding to the P or the Q mix belong to the family expressing V1R or V2R receptors, we performed immunohistochemistry after a subset of the Ca 2+ imaging experiments using anti-phosphodiesterase 4A (PDE4A) antibody, a marker specific for apical neurons expressing Gαi2 and V1R, or anti-Gαo antibody, a marker for basal neuron expressing V2R receptors (Berghard and Buck 1996; Jia and Halpern 1996; Ryba and Tirindelli 1997; Lau and Cherry; Leinders-Zufall et al. 2004 ). Out of 33 responding neurons tested with immunostaining, 15 neurons were successfully stained, whereas the remaining 18 neurons were washed away during the procedure. The 15 neurons responded to the P (n = 7) or to the Q (n = 8) and showed expression of PDE4A, indicating that they expressed V1R receptors ( Figure 3F ). None of the neurons immunoreactive for Gαo responded to the P or Q mix ( Figure 3F ). Moreover, we found that the percentage of apical neurons resulting from the dissociation procedure was higher compared with that of basal neurons. Indeed, immunohistochemistry on dissociated VNO preparations with anti-PDE4A and anti-Gαo showed that the percentage of neurons expressing PDE4A was 74%.
Individual components of each mix were tested on 40 neurons and each neuron responded to at least 1 compound. Interestingly, each of the 18 neurons responding to the P mix that could be tested with each of the single components of the mix responded only to 1 compound ( Figure 4A-C) . Differently from the P mix responsive neurons, those responding to the Q mix often responded to more than 1 Q compound. Among the 22 neurons that could be reliably tested for each of the 3 Q compounds, 72% (16 of 22) responded to only 1 compound and 28% (6 of 22) responded to 2 of the 3 compounds in each of the possible combinations ( Figure 4A ).
Discussion
In this study, we measured the responsiveness of female mouse VSNs to sulfated steroids using confocal Ca 2+ imaging. We first measured the intracellular Ca 2+ concentration changes in dissociated VSNs in response to the application of diluted urine, the classical stimulus used in different previous works (Holy et al. 2000; Spehr et al. 2002; Chamero et al. 2007; Zhang et al. 2008; Leinders-Zufall et al. 2009 ). We found that, in agreement with the previously published studies, some VSNs respond to urine with a transient increase of the intracellular Ca 2+ concentration although with a low (Spehr et al. 2002; Leinders-Zufall et al. 2009 ). When VSNs were stimulated with a mix of 10 sulfated steroids at high concentration (200 µM), both the mean peak amplitude of the Ca 2+ transient and the frequency of responses were higher than those induced by urine stimulation, confirming that this class of compounds is one of the major activator of VSNs. As proposed by Nodari et al. (2008) , the response increase could be due to the higher concentration of sulfated steroids used in the mix compared with that present in female urine. Another possibility is the presence of some chemicals in urine that can act as inhibitor of VNO responses or that interact with sulfated steroids, limiting the amplitude of response ). However, a recent work (Isogai et al. 2011 ) further investigated the physiological role of some sulfated steroids and showed that a mix of synthetic sulfated steroids activated VSNs expressing V1R receptors of the V1Ref and V1Rjk clades. Corticosterone-21 sulfate (Q1570), a compound known to be present in female urine, strongly activated V1re2 and more weakly V1re6 VSNs, whereas V1rf3 VSNs were strongly activated by 17β-oestradiol sulfate (E1050) and V1rj2 VSNs by both E1050 and 5-androstene-3β, 17β-diol disulfate. Isogai et al. (2011) reported that V1re2 and V1re6 VSNs were also specifically activated by female cues, whereas V1rf3 and V1rj2 VSNs were not activated by female bedding, indicating that the activating steroids are not secreted under normal conditions.
To test whether the Ca 2+ transients induced by sulfated steroid stimulation are due to the extracellular Ca 2+ entry, we performed some experiments in low Ca 2+ Ringer solution. No response was obtained when extracellular Ca 2+ was not present, indicating that Ca 2+ increase was related to the entry of Ca 2+ through ion channels in the plasma membrane. These results are in agreement with previous findings from Holy and coworkers who demonstrated that the response to sulfated steroids depends on a signal transduction cascade -dependent fluorescence. The left image was taken at rest before stimulus application, the middle image at peak fluorescence in the presence of P mix, and the right image after recovery of fluorescence intensity near baseline level.
by guest on November 7, 2016 http://chemse.oxfordjournals.org/ Downloaded from involving PLC and TRPC2. Indeed, VSNs in the presence of the PLC inhibitor U-7312 or VSNs from knockout mice for TRPC2 did not detect sulfated steroids Arnson and Holy 2011) .
To further deepen our analysis, we extracted 2 structurally related blends of compounds, P and Q mix, from the sulfated steroid mix. The P mix contains compounds that are derived from progesterone, whereas the Q mix is composed of sulfated steroids derivatives of glucocorticoids (Figure 4) . The Q mix gave a significantly higher mean response compared with the P mix. This response increase could reflect a different adaptation for a particular physiological state because some of these compounds can be indicators of the stress level. Indeed, it has been shown ) that the concentration of 2 sulfated glucocorticoids in urine increased about 3-fold in animals subjected to stress compared with unstressed controls, indicating that urine carries information about the mouse stress level. However, it should be noted that the dose-response relationship for Q3910 ( Figure 3E ) showed that a quite high concentration, higher than 20 μM, was required to measure activation of VSNs in our Ca 2+ imaging experiments. Although different experimental methods, such as recording of firing rate, could be more sensitive assays, we cannot exclude the possibility that Q3910 and perhaps other sulfated steroids do not have a significant biological relevance.
VSNs appear to be highly selective between the P and Q mix, showing mutually exclusive responses to 1 of the 2 mixtures ( Figure 3 ). However, differences in specificity were present between neurons sensitive to each mix, when sulfated steroids were tested at 200 µM. As shown in Figure 4 , neurons activated by the P mix responded only to 1 component of the mix, although we cannot exclude the possibility that other neurons could respond to more than 1 component of the P mix. We found that 28% of the neurons sensitive to the Q mix responded to 2 of the 3 Q compounds, indicating that some VSNs responding to the Q mix are not very selective among sulfated steroids of the same class, when tested at 200 µM, although it is possible that the same neurons could discriminate between different Q compounds, when tested at lower concentrations. Extracellular recordings from the vomeronasal epithelium on stimulation with sulfated steroids at various concentrations have shown that the firing rate increased with a monotonic dependence on the concentration Meeks et al. 2010; Arnson and Holy 2011) . In our Ca 2+ imaging experiments, the dose-response curve for Q3910 could be fitted by a Hill equation with a concentration producing half-maximal activation of 48 µM. The dose-response curve was very steep, with a Hill coefficient of 3.6, and a 10-fold increase in stimulus concentration induced saturation of the response. The narrow dynamic range and low apparent affinity are similar to previous results measuring the response to odorants of several olfactory sensory neurons, both with Ca 2+ imaging (Bozza et al. 2002) and with electrophysiological techniques (Firestein et al. 1993; Reisert and Matthews 1999) .
By stimulating VSNs with single compounds from the Q mix, we found that at the level of single neuron there is a broad response toward high concentrations of Q1570, Q2525, and Q3910, suggesting that a common structural trait is recognized. Our observations are in agreement with the recent findings of Isogai et al. (2011) , who showed that the -SO 3 group in pregnenes determines the specificity of response to Q1570, Q2525, and Q3910, and that these compounds activate the same receptor clades (specifically V1re2 and V1re6). Although the compounds of the Q class are structurally dissimilar (Figure 4 ), they are indicated as "stress hormones" and are likely to have a similar physiological function. As we have previously pointed out, it is possible that VSNs have a broad specificity toward the Q compounds because it is evolutionary useful to be able to recognize stress in another individual. Since we tested the Q compounds at high concentration, we cannot exclude the possibility that some VSNs are more selective to lower concentrations. Indeed, it has been shown that different VSNs may be activated at different concentrations of the same compound (He et al. 2010) .
By testing the compounds of the P mix, P3817, P8200, and P8168, we found that the responding VSNs showed a high specificity among these 3 compounds, although we cannot exclude the possibility that other neurons are less selective. It is worth noting that these compounds differ only for the configuration of -OSO 3 in position 3 and -H in position 5. P3817 (allopregnanolone) and P8200 (epipregnanolone) have both groups in α or β configuration, respectively, whereas P8168 (pregnanolone) has -OSO 3 in α and -H in β configuration. Thus, our data suggest that several VSNs responsive to the P mix appear to select among these 3 P compounds and could discriminate among stereoisomers.
Moreover, we observed by immunohistochemistry that several neurons responding to the P or Q mix express PDE4A and are therefore apical neurons expressing V1R receptors, in agreement with recent findings (Isogai et al. 2011; Turaga and Holy 2012 ). An interesting question arises from the high percentage of activation of VSNs by a limited number of sulfated steroids, as shown both from our experiments and from data of other laboratories: since most apical neurons express only 1 V1R receptor among about 200 potentially functional members and only 12 compounds can activate a high percentage of VSNs, are different receptors activated by the same compounds, or are some receptors expressed in higher percentage than others? One possibility is that different receptor types have overlapping or redundant functional characteristics, a hypothesis suggested also by Turaga and Holy (2012) . As previously indicated by Arnson and Holy (2011) , since VSNs expressing the same receptor project to a relative small number of glomeruli in the accessory olfactory bulb, having receptors with partially overlapping functional characteristics may be a useful strategy used by the vomeronasal system for having a more reliable signal discrimination by pooling similar inputs averaging across redundant information. Another possibility, as suggested also by Turaga and Holy (2012) , is a strong preponderance of some specific receptor types, an explanation supported also by identification of specific receptors activated by single sulfated steroids (Isogai et al. 2011) .
Our data, together with those obtained in other laboratories using different techniques, are consistent with the activation by sulfated steroids of a transduction cascade Arnson and Holy 2011) mainly mediated by VSNs expressing V1R receptors (Isogai et al. 2011; Turaga and Holy 2012) . However, we also discuss the possibility that the effect of sulfated steroids could be mediated by other mechanisms, such as perturbation of membrane structure, steroid receptors, or ion channels. The possibility that the observed effects result from a steroid-induced perturbation of membrane structure is not supported by the physical and chemical characteristics of sulfated steroids. Indeed, during sulfatation, steroids become more soluble in aqueous solutions and therefore this process reduces steroids' lipophilic nature and favors excretion. Sulfated steroids do not diffuse well in membranes due to their sulfated moiety. The hypothesis that sulfated steroids could activate steroid receptors is very unlikely because, to the best of our knowledge, there is no evidence that VSNs express steroid receptors, as reported by Alekseyenko et al. (2006) . However, sulfated steroids could directly modulate the activity of a permeable cation channel. Indeed, Wagner et al. (2008) showed that the transient receptor potential melastatin 3 (TRPM3) channel forms Ca 2+ -permeable, nonselective, cation channels that are directly activated by pregnenolone sulfate, which is a water-soluble ester of the steroid hormone pregnenolone. Subsequent studies (Majeed et al. 2010 ) investigated the chemical requirements for activation of TRPM3 channels by steroids and suggested the existence of a specific and unique steroid-binding site. They showed that epipregnanolone sulfate (P8200) also activated the TRPM3 channel with a half-maximal response at 14 µM, whereas 100 µM corticosterone-21 sulfate (Q1570) had no stimulatory effect by guest on November 7, 2016 http://chemse.oxfordjournals.org/ Downloaded from on the channel. At present, it is unknown whether VSNs express TRPM3 channels and we cannot exclude the possibility that P8200 activated VSNs expressing TRPM3. In any case, activation of TRPM3 by some sulfated steroids cannot account for the disparate type of responses observed.
In summary, we have found that some female mouse VSNs appear to be broadly tuned to the glucocorticoids Q1570, Q2525, and Q3910, recognizing various compounds at high concentrations, although we cannot exclude the possibility that the same neuron could discriminate between lower concentrations of these compounds. Some neurons were strongly specific for the tested compounds, showing no response to high concentration of the ineffective compounds.
It is likely that the development of a method to obtain the functional expression of V1Rs in heterologous systems, similar to that recently developed for V2Rs (Dey and Matsunami 2011) , will be very helpful to obtain a complete quantitative understanding of the response specificity of vomeronasal receptors.
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